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Modeling a Mandibular Functional Shift and the Resulting Temporomandibular 
Joint Dysfunction in Mice 
 
Ana Alejandra Navarro Palacios 
Abstract  
The objective of this study was to develop a novel mouse model to evaluate functional 
adaptation of the temporomandibular joint to malocclusion. We intended to determine the 
effect of a mandibular functional shift on the size, shape, and symmetry of the craniofacial 
skeleton utilizing three-dimensional (3D) semi landmarks and geometrics morphometrics 
(GM) as well as to analyze histologically the cellular and molecular changes in the 
temporomandibular joint (TMJ) and in the mandibular condylar cartilage (MCC). A mouse 
model of a mandibular functional shift was created by extracting 3 molars from the 
maxillary right quadrant in FVB/NJ wildtype mice. Teeth were extracted at 3 weeks old, 
and samples were collected at 6 weeks so that mice developed a functional shift during 
a maximal growth period from weaning to sexual maturity. The experimental group 
consisted of 11 mice (5 females and 6 males), and the control group was composed of 
10 mice (4 females and 6 males). Micro CT (μCT) was performed on the entire heads of 
experimental and control mice. The TMJs on both the extraction and non-extraction sides 
in the experimental animals were compared to the control (with no teeth extracted) for the 
following variables: (1) geometric morphometric analysis of the size and shape of 
craniofacial skeleton, including the cranium, cranial base, maxilla, and mandible; (2) 
changes in bone volume and density of the TMJ condyle were determined using the μCT 
data, and (3) the TMJ and MCC were analyzed histologically and by in situ hybridization 
for specific markers. Overall, the size and shape of the cranial skeleton was not affected 
in the extraction model; however, there were changes in the mandibular shape. In the 
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mandible, the molar alveolus height was increased on the extraction side compared to 
non-extraction and control. The condylar head and neck width were narrower, and the 
superior surface of the condylar head was more convex on both the extraction side and 
the non-extraction side in the experimental animals compared tocontrols. Furthermore, 
the bone volume of the condylar process on both the extraction side and the non-
extraction side in the experimental animals was decreased by 15%, and the bone density 
was increased by 5% compared to condyles from control animals. Finally, the MCC was 
thinner in both the extraction and non-extraction sides in the experimental group, and the 
expression of Col2 and Col10 was increased, suggesting an expansion in maturation 
stage and hypertrophic chondrocytes, and there was ectopic expression of Col1 in the 
MCC, suggesting a pro-osteogenic response in the extraction condyle samples compared 
to controls.  
 Our results suggest extraction of the molars in one quadrant in our mouse model 
resulted in a presumed shift in the mandible and degenerative adaptations in the condylar 
shape. There was loss of bone volume in the condylar process and apparent deposition 
of bone with increased mineral density near the condylar head surface in both condyles  
of the extraction mice compared to controls. At the cellular level, there was an increase 
in maturation stage and hypertrophic chondrocytes and osteoblasts in the MCC that may 
have contributed to the remodeling and bone deposition at the condylar surface. This 
phenotype is suggestive of osteoarthritic changes in that thinning of the MCC and 
increased bone deposition at the condylar surface was observed. These data further 
elucidate the tissue and cellular changes in the condyle due to a functional shift, which 
furthers our understanding of the pathology of this malocclusion.      
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 1 
Introduction 
 
 
Structure and development of the mammalian temporomandibular joint  
The temporomandibular joint (TMJ) is a complex skeletal structure that is essential 
for jaw movement in mammals. It is a ginglymoarthrodial joint, meaning a joint that is able 
to perform both rotational and translational movements (Purcell et al. 2009). The TMJ is 
composed of the mandibular condyle that fits into the mandibular fossa of the temporal 
bone of the skull. Separating these two bones from direct contact is the articular disc. The 
morphology of the disc matches the condylar head and the mandibular fossa. In the frontal 
view, the disc is concave inferiorly, designed to fit over the condylar head and convex 
superiorly to fit the concave surface of the mandibular fossa of the temporal bone (Laskin 
et al. 2006). In the sagittal plane, it can be divided into three regions according to 
thickness. The central area is the thinnest while the anterior and posterior regions are 
much thicker in comparison. From the anterior view, the disc is thicker medially than 
laterally. The articular portion of the disc is comprised of dense fibrous connective tissue 
devoid of any nerves and vessels while the posterior attachment of the disc is innervated 
and richly vascularized. The fibrocartilaginous articular disc divides the joint cavity into 
two compartments, and specific tendons and muscles are associated with each 
compartment (Li et al. 2014; Owtad et al. 2013). Furthermore, the tendons of the pterygoid 
muscle and various surrounding ligaments are associated with the TMJ (Bravetti et al. 
2004). The disc is attached to the condyle both medially and laterally by collateral 
ligaments. The articular disc is attached posteriorly to a region of loose connective tissue, 
known as retrodiscal tissue, which is innervated and highly vascularized. Rotational 
movement occurs between the condyle and the inferior surface of the disc during early 
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opening, and translation takes place in the space between the superior surface of the disc 
and the fossa during lateral opening. Synovial fluid facilitates movement within the joint; 
it also serves as a medium for the transportation of nutrients and waste products from the 
articular surfaces of the condyle and glenoid fossa (Soydan et al. 2014).  
 The embryonic development of the TMJ is similar across various mammalian 
species, including mice and humans, however, it differs significantly from that of other 
synovial joints (Li et al. 2015). In contrast to the formation of long bone joints by cleavage 
or segmentation within a single skeletal condensation, the TMJ develops from two distinct 
and widely separated mesenchymal condensations: the glenoid fossa blastema and the 
condylar blastema (Li et al. 2014). The glenoid fossa blastema is derived from the otic 
capsule and undergoes intramembranous ossification (Wang et al. 2011; Gu et al. 2008). 
The condylar blastema develops towards a rectangular cell condensation located lateral 
and superior to Meckel's cartilage, and it is subsequently attached medially by the lateral 
pterygoid muscle as a result of rapid cellular proliferation (Bravetti et al. 2004). 
Simultaneously, the condylar blastema develops from the secondary condyle cartilage of 
the mandible and forms bone via endochondral ossification, subsequently extending in 
an anterior/medial direction and capping the condylar blastema (Merida et al. 2009; 
Yokohama-Tamaki et al. 2011).  
 The mesenchyme between the glenoid fossa and condylar blastemas condenses, 
prior to the separation of the two primordia of the TMJ, to form an articular disc (Wu et al. 
2014). As the condyle develops continuously upward approaching the glenoid fossa, the 
mesenchyme differentiates into layers of fibrous tissue, ultimately separating the upper 
and lower synovial cavities in a process termed cavitation (Gu et al. 2014). Via cellular 
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processes of proliferation and differentiation, the condyle anlage is configured into a 
typical secondary cartilage and superficially covered with a thick layer of flat fibrous cells 
(Vinkka-Puhakka et at. 1993; Kenzaki et al. 2011). The glenoid fossa exhibits 
intramembranous ossification, which occurs at the same time as condylar differentiation 
(Wang et al. 2011). During the development of the skeletal elements of the TMJ, 
morphogenesis of the soft tissues surrounding the joint continues. Following the 
completion of cavitation, the TMJ exhibits marked ossification and growth of the condyle 
and glenoid fossa, functional remodeling of the articular disc via an avascular event, and 
substantial condensation (Owtad et al. 2011). Furthermore, bones of the joint and the 
articular disc are encapsulated by the joint capsule, and the development of the muscles 
and ligaments associated with the joint proceeds (Liu et al. 2013; Ricks et al. 2013). 
Although the structure and function of the TMJ has been well characterized, the molecular 
and cellular mechanisms underlying its formation and development remain unclear. 
 
Mandibular condylar cartilage 
 The mandibular condylar cartilage (MCC) is unique in that it is a secondary 
cartilage, meaning that it develops after bone, while primary cartilage in limbs is replaced 
by bone, and secondary cartilage remains cartilage throughout the life of the animal. The 
major role of the MCC is to support and distribute functional loads, allowing for frictionless 
motion and prevention of the breakdown of the cartilage (Orajarvi et al. 2018). In addition, 
the MCC acts as a site of growth for the mandible, thus, acting as a growth plate and 
articular cartilage in one, unlike in other joints in which the growth plate and articular 
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surface are separated, and the epiphysis (growth plate) fuses upon the completion of 
growth.  
 Although it does not develop an epiphysis, the MCC is organized in a growth plate-
like structure that is subdivided along its main axis into four distinct layers. Interestingly, 
the MCC is composed of cells only partially differentiated along the chondrogenic pathway 
which are alkaline phosphatase positive and express type I and type II collagen, 
suggesting they may differentiate into chondrocytes or osteoblasts. The MCC is a 
fibrocartilage, and unlike hyaline cartilage, expresses type I collagen. The most superficial 
layer is called the articular or superficial zone; it forms the outermost functional surface, 
and it is found adjacent to the to the joint cavity. This zone is responsible for dissipating 
shearing and frictional loads generated by jaw functions, and it expresses superficial zone 
protein (SZP) which is a large proteoglycan that is synthesized and secreted into synovial 
fluid. SZP is known to function as a boundary lubricant by reducing the coefficient of 
friction of the MCC surface and the strain energy of the synovial fluid (Ohno et al. 2006; 
Jay et al. 2007). The second layer is the polymorphic (PM) progenitor cell zone. This zone 
is mainly cellular with undifferentiated mesenchymal tissue. The cartilage cells in this 
zone are large and enclosed in lacunae. There is no organization of formation or 
arrangement of chondrocytes in this zone. This tissue is responsible for the proliferation 
of articular cartilage in response to the functional demands placed on the articular surface 
during loading and unloading. This zone is characterized by the expression of Sox9 and 
the absence of the expression of Col2. The third layer is the flattened chondrocyte (FC) 
zone. The cartilage cells in this region are highly mature, yet these cells have not lost 
their ability to proliferate. In this zone, the collagen fibrils are arranged in bundles in a 
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crossing pattern. The cartilage shows a random orientation, providing resistance against 
compressive and lateral forces. Cells in this zone are characterized by the expression of 
Sox9, Indian hedgehog (Ihh), Col1, and Col2. The fourth and deepest layer is the 
hypertrophic chondrocyte (HC) zone. In this zone the chondrocytes become hypertrophic, 
undergo cell death, and have their cytoplasm evacuated, forming bone within the 
medullary cavity. Cartilage breakdown occurs and cartilaginous spicules undergo 
calcification with hydroxyapatite crystals. The surface of the extracellular matrix 
scaffolding provides an active site for remodeling activity as endosteal bone growth 
proceeds. The bony trabeculae are arranged randomly and not perpendicular to the 
articulating surface. Cells in this zone are characterized by the expression of Spp1 
(encoding osteopontin), Ihh, and Col10. It is well known that the extracellular matrix 
(ECM) surrounding the chondrocytes, which undergoes adaptive remodeling with 
mechanical stimulation, is the most abundant component of cartilage and can endow the 
cartilage with the unique capacity to bear load and resist compression (Shibukawa et al. 
2007). 
We have learned a great deal about the genes involved in TMJ development 
utilizing mouse models. For example, Runx2 and Sox9 are necessary for the 
development of the MCC since the MCC does not develop in mice with deletion of these 
genes (Shibata et. al 2004, Mori-Akiyama 2003). Mice with deletion of Foxc1 have 
sygnathia and bifurcated condyle and do not develop a disk or glenoid fossa (Inman et 
al. 2013), and mice lacking Alk2 present with complete TMJ agenesis (Dudas et al. 2004), 
suggesting a role for these genes in TMJ development. The MCC is underdeveloped, and 
the TMJ disc does not form in mice deficient in Ihh (Shibukawa et al. 2007). Thus, mouse 
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studies have shed light on genes involved in TMJ development; however, more work is 
necessary to fully understand the signaling involved in the development and maintenance 
of the TMJ and MCC and ultimately identify therapeutic targets for clinical interventions, 
such as treatment of TMJ disorders. 
 
Posterior crossbite and functional shift 
          Posterior crossbite is defined as a reverse occlusion, in which at least one 
mandibular posterior tooth from canine to molar occludes outside of the maxillary teeth. 
In patients with unilateral crossbite, the mandible often shifts toward the crossbite side 
when teeth occlude from rest to the intercuspal position, which is termed a mandibular 
functional shift (MFS). In some cases, the mandible remains deviated to the crossbite 
side at rest. Unilateral crossbite is a malocclusion encountered frequently in the 
orthodontic clinic with a prevalence ranging from 2.7% to 23.3% (Servert et al. 1997; 
Nerder et al. 1999; Ishizaki et al. 2010; Bishara et al. 1994; Proffit 1991). MFS is a 
common condition among this patient population since it has a prevalence of 80% to 90% 
in this group of patients with posterior crossbite (Kutin et al. 1969; Kurol et al. 1992). 
Clinically, MFS is characterized by facial asymmetry and dental midline discrepancy. It 
has been suggested that uncorrected mandibular functional shift in growing patients 
disrupts neuromuscular patterns and alters growth of the mandible, particularly in the 
condylar region (McNamara 1975). Accordingly, MFS in a unilateral posterior crossbite 
patient may lead to asymmetrical condylar growth and thus, potentially result in the 
development of facial asymmetry, which can only be treated surgically in adolescence or 
adulthood (Sato et al. 1989; Epker et al. 1999).  
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 Despite the potentially challenging outcomes of MFS, posterior crossbites can be 
corrected with expansion of the palatal suture in growing patients in primary or mixed 
dentition. Since only 10% of posterior crossbites identified in the primary dentition will 
self-correct during the transition to the mixed dentition (Dimburg et al 2013), it is important 
to diagnose and treat this malocclusion early, during the primary or mixed dentition stage. 
Petren et al., (2003), in a systematic meta-analysis of published articles between 1966 
and 2002 on early treatment of posterior crossbites, concluded that primary and early 
mixed dentition intervention has a very high success rate using various fixed and 
removable maxillary expansion appliances. Fixed lingual archwire designs had 90-100% 
reported success rates in the correction of posterior crossbites during primary and mixed 
dentitions. Fixed maxillary jackscrew appliances were reported at close to 100% success 
rates in the correction of posterior crossbites during the primary and mixed dentitions. 
Removable splint-acrylic type appliances had somewhat lower success rate at 60-70% in 
both primary and mixed dentitions (Petren et al. 2003). Thus, there are many effective 
treatment modalities for posterior crossbite and MFS, and it is important to diagnose and 
treat in the primary or mixed dentition in order to avoid the development of asymmetry 
during adolescence and adulthood.  
 How posterior crossbite and MFS affect growth in patients at the tissue and cellular 
level is not well understood. Furthermore, the shift results in the condyle on the side 
opposite the direction of the shift to be displaced anteriorly, or protruded, while the 
condyle on the side toward the shift is more stable positionally and is likely to be slightly 
retruded (Fuentes et al 2003; Nakano et al. 2004). How the altered position of the condyle 
affects the shape and function of the TMJ in patients is not fully understood.  
 8 
There is some evidence showing the effect of posterior crossbite and MFS on 
mandibular growth and the TMJ in various animal studies. A number of animal studies 
suggest that proliferation and growth in the MCC is altered after a change in the postural 
position of the mandible using intraoral positioners designed to shift the mandibular 
postural position asymmetrically (Fuentes et al. 2003; Takenobu et al. 2008), maxillary 
occlusal splints to shift the mandible laterally during closure (Nakano et al. 2004), and 
grinding mandibular and maxillary molars to create a lateral shift (Poileka et al. 1997; 
Poileka et al.2000). According to these reports, growth of the MCC adapts to its local 
functional-biomechanical environment and differential changes in the MCC occur on the 
non-protruded and protruded sides. Yotsuya et al., (2020) evaluated the role of 
mechanical loading in the progression of TMJ osteoarthritis in surgical instability arising 
from unilateral partial discectomy (UPD) in a murine model. They found that on the side 
where the UPD was performed, late-stage degeneration of the cartilage showed a 
significant reduction with diminished fibrillation and erosion of the articular cartilage, cell 
clustering, and hypocellularity, suggesting that select and specific late-stage changes in 
TMJ osteoarthritis were likely due to the changes in local mechanical environment on the 
joint (Yotsuya et al 2020). Studies in rats have also shown that inducing a lateral shift 
using inclined crowns cemented on the maxillary incisors results in changes in growth of 
condylar head and in trabecular structure and mineralization of the condylar bone 
(Nakano et al. 2003).  
Clinically, unilateral posterior crossbite and MFS can result in asymmetric growth 
of the mandible and alterations in the MCC in patients, which has been further supported 
by studies of mouse models with altered occlusion. However, how mandibular growth is 
 9 
affected is not well understood, and furthermore, very little is known about the effect on 
shape and function of the TMJ and the molecular response of the MCC as a result of 
alteration in the habitual position of the mandible.  
 
Geometric morphometrics and its use in orthodontics 
Technological advances have made three dimensional orthodontic diagnostic tools 
much more accessible in the last several decades. We now have 3D images of the 
craniofacial skeleton from CBCT imaging, dental casts from intraoral and standard 
scanners, and 3D facial photographs from stereophotogrammetry camera sets, all 
available in digital format. We are, therefore, in the position to measure and evaluate what 
interests us most as orthodontists, namely facial shape, in ways that were not possible in 
the past (Klingerberg et al 2010; Polychronis et al 2013). Potentially, it is a turning point 
in orthodontic diagnosis. Since 3D data are not a mere extension of 2D data to an extra 
dimension but require new tools to fully exploit their 3D nature, we can now take this 
opportunity to improve our diagnostic tools. 
Geometric morphometrics (GM) combines geometry, multivariate morphometrics, 
computer science, and imaging techniques for a powerful and accurate study of 
organismal forms (Cardini et al. 2013). GM has been traditionally applied to the field of 
biology to study developmental differences between species (Klingerberg, 2010). 
Morphometrics is defined as a branch of biology that deals with the characterization of 
organismal form and quantification of morphological variation. It is derived from the Greek 
word which means measuring form. Morphometrics is used to quantify the morphological 
structure of organisms and then present and explain the shape differences.  
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Geometric morphometrics principles 
GM is a special method to measure shape as it does not use traditional angles and 
linear distances. By selecting specific angles or linear measurements, we arbitrarily 
choose which part of the shape to measure. In fact, the selection of some measurements 
and exclusion of others can lead to biased results as you consider just one specific part 
of the shape rather than the whole of it. With GM, the whole of the shape can be analyzed. 
The following are basic principles of GM: 
1) An object is a collection of landmarks. Objects such as bones and faces need to 
be reduced to a set of landmarks before analysis can proceed, as the basic tools 
of GM cannot work directly on curves or surfaces. Objects of the same class (e.g. 
faces) must have the same number of landmarks, and these have to be 
homologous (e.g. each landmark must represent the same anatomical or 
functional feature). 
2) Shape of an object can be measured only in relation to another object (e.g. shape 
measurement is actually the comparison between two measurements of shape 
difference).  
3) The “shape” is the morphologic entity that remains after position and size 
differences have been removed from the analyzed objects (as dimensional 
differences are not considered when comparing shapes). 
 
When analyzing a collection of objects, the main purpose is to find the average 
shape of the objects and then analyze the variability of shape in the group with regard 
to the average shape. The variability is analyzed through Principal Component 
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Analysis (PCA). In a biological system, such as the craniofacial complex, shape 
variability can be translated into shape patterns. GM can reveal these patterns and 
measure the relative contribution of each to the total shape variability (Webster et al. 
2010; Bookstein et al. 1997; Mitteroecker et al. 2009). 
 
From Cartesian coordinates to the shape-space system 
The procedure that GM follows to compute average shape and shape variability is a 
sequence of the following actions: 
1) Landmarks are placed on the objects at homologous positions. When all 
landmarks are placed, we can call the group of landmarks that describe an 
object as a landmark configuration. 
2)  The landmark configurations are aligned and scaled using best-fit procedures 
that minimize differences between them. This step is called Procrustes 
superimposition. After Procrustes superimposition, we lose all information 
about size, and we deal only with shape. 
3) The Cartesian coordinates (x,y,z) of the scaled/aligned objects are called 
Procrustes coordinates. The Procrustes coordinates of an object define its 
position in a system known as shape-space. 
4) The shape-space extends along many dimensions since each object has many 
landmarks. For 3D objects, the number of dimensions of the shape-space is 
equal to three times the number of landmarks minus seven (degrees of 
freedom). 
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5) Each object can be considered as a single point in shape-space. The distance 
between two objects in shape-space is equal to their shape difference. 
6) The average shape of all the objects is the shape at the center of the shape-
space and can be easily computed by averaging the Procrustes coordinates of 
each landmark. 
7) To determine the shape patterns of the population, the shape-space is rotated 
in such a way that is main axes are aligned with the direction of major variability 
of the population. This is achieved by applying PCA. PCA describes differences 
between shapes through determination of the main sources of variability when 
comparing different shapes (Bookstein et al. 1997).  
 
Landmark identification and placement 
GM is based on landmark data. A morphological landmark is defined as a point 
that can be located precisely on each specimen under study and clearly correspond in a 
one-to-one manner from specimen to specimen (Drydent et al. 2002). When applying GM 
to objects of interest, such as bone surfaces, we cannot study curves and surfaces 
directly, but we need to place landmarks on them. Thus, a challenging problem in GM is 
determining how many landmarks to place, where to place the landmarks, how densely 
to cover each surface with landmarks, and finally how to confirm that landmarks are 
homologous from one object to another. This last question is particularly important since 
in orthodontics we come across some extensive areas that do not possess any 
distinguishing/non-ambiguous markers. To manage this problem Bookstein developed a 
classification based on anatomical and geometric criteria and proposed three different 
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types of landmarks: 
          1- Type I landmarks are those that are located at the juxtaposition of anatomical 
features, such as the confluence of three structures meeting at one point. These 
landmarks are defined by features in their immediate vicinity and can be confidently 
assumed homologous at least in anatomical sense (e.g., Nasion: the most anterior point 
of the frontonasal suture on the curve at the bridge of the nose). 
          2-Type II landmarks are defined as the maximal curvature of an anatomical 
structure (e.g., the anterior nasal spine defined as the point of the highest curvature of 
the maxillary outline). 
3-Type III landmarks are defined as points along a curve or surface, in relation to 
some other more distant structure. For example, the menton is located on the mandibular 
outline but needs other structures (e.g., the Frankfurt horizontal) or an external vertical 
direction (e.g., the true vertical) to define its precise location (Bookstein 1997a; Bookstein 
1997b).   
Landmarks should cover the entire structure under study in as regularly placed 
intervals as possible so that all changes can be detected. Removal of one landmark may 
alter the entire result. On the other hand, too many landmarks may not provide relevant 
information about variation in the whole structure. 
Curves or surfaces that do not provide explicit information for precise location of 
landmarks are ubiquitous. The simple solution is to place landmarks at predetermined 
intervals along the curve. Points placed with such criteria that stay on the curve/surface 
are called semi-landmarks. The geometry is easier for curves in 2D than 3D, but it is not 
so easy to define semi-landmarks since placement is not guaranteed to be 100% 
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homologous. Semi-landmarks are placed in the appropriate position and density until the 
additional shape variability is reduced to the minimum possible. This is achieved by sliding 
the semi-landmarks in the direction that reduces shape variance while always 
constraining them on the curve or surface. Once in the position, the semi-landmarks can 
be considered homologous points, and the shapes are ready to be analyzed by PCA 
(Mitteroecker et at. 2009; Gunz et al. 2005). 
 
Advantages and disadvantages of GM 
When using GM, we remove any information on size since all the shapes are 
“averaged”, and size information is left out of the Procrustes space. This fact can be seen 
as a disadvantage as only change in shape patterns can be analyzed through GM. 
However, this limitation may also be considered an advantage. There is no need to 
arbitrarily select a special part of the shape to measure as all parts can be compared as 
long as landmarks fit the area. Another important aspect is that in orthodontics we usually 
compare anatomical features between patients and controls, assuming that controls are 
“normal”. However, what can be considered normal or not normal is controversial and 
difficult to determine. With GM, variation in shape is determined from the population in an 
unbiased manner. Variability analysis via PCA allows us to determine shape patterns and 
can therefore dictate which measures are important in defining the shape.  
 
Applications of geometric morphometrics in orthodontics 
Recently, GM has been widely used in medical fields, as well as orthodontics since 
orthodontics is focused on the size and shape of the face and its components. 
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Widespread use of 3D imaging modalities has generated extensive and large volumes of 
data. Tools for interpreting and organizing these data have not kept pace with the 
development of more sophisticated imaging. Craniofacial research increasingly utilizes 
aspects of these data to answer complex questions. While several tools have been used 
to measure size, proportions, and relationships between anatomical components, shape 
has been mainly described by esthetic criteria. GM can be used as a specific tool to 
analyze shape variation between individuals and to identify patterns of variation of 
orthodontic interest as well as quantify shape-related changes of skeletal tissues in 
disease and understand the variation in facial morphology in large populations in 3D, 
which is more accurate than the traditional application of points and lines for 
measurement in 2D (Guyomarch’h et al. 2014).  
During the last century, most research done in orthodontics was based on 
conventional 2D images and cephalometric analysis. This method is user-friendly and 
simple which explains why it continues to be in routine clinical use. One of the key 
advantages of CBCT over 2D radiographs is its ability to provide 3D volume, surface, and 
sectional information about the craniofacial structures. CBCT has provided orthodontists 
and researches the ability to overcome the substantial limitations of 2D radiographs, 
including geometric distortions and superimposed structures (Kapila et al. 2015). Unlike 
2D superimpositions provided by conventional cephalometric radiography, CT/CBCT 
images can provide sophisticated 3D superimpositions and treatment assessment when 
necessary (Cevidanes et al. 2006).  
Translation of methodology developed in two dimensions to three is not 
straightforward and involves many additional challenges. Traditional use of lines and 
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cephalometric analysis is inadequate as it does not provide an accurate or complete 
description of the morphology or the covariation of related structures in 3D. The good 
news is that methods for statistical shape analysis, such as PCA, are readily applicable 
to landmarked 3D data sets to classify morphology (Solem, 2017). This explains why the 
use of GM is a powerful tool to study shape and growth differences, and its use has 
increased in popularity during the last decade. 
 More recent orthodontic studies published in the last 20 years have used GM for 
their data analysis. For example, McIntyre in 2003 described the advantages and 
disadvantages of GM, its utility in orthodontics, and how it can overcome conventional 
cephalometric analysis deficiencies (McIntyre et al. 2003). Ghislanzoni et al. in 2017 
described how to measure 3D shape in orthodontics using GM, providing a workflow and 
explaining how to apply this new method as part of the routine orthodontic diagnosis 
(Ghislanzoni et al. 2017). Pan and his colleagues evaluated deformations that contribute 
to Class III mandibular configuration employing GM analysis. They found that the thin 
plate spline (TPS) analysis revealed an anteroposterior elongation of the mandible, which 
leads to the appearance of a concave profile with a prognathic mandible (Pan et al. 2006). 
In 2016 Freudenthaler et al. evaluated the role of craniofacial shape in malocclusion by 
applying GM to a set of two dimensional landmarks and semi-landmarks obtained from 
lateral skull radiographs. This research group found that craniofacial shape was clearly 
associated with dental malocclusion and showed considerable variation (Freudenthaler 
et al. 2017). Tessler et al. compared craniofacial differences between twins discordant for 
surgically repaired unilateral cleft lip and palate (UCLP) at multiple developmental stages, 
testing the effect of zygosity on the shape and size of the craniofacial skeleton by means 
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of TPS analysis. They found that GM showed that surgically repaired UCLP does not 
produce significant shape or size differences in the craniofacial features of monozygotic 
or dizygotic twins discordant for UCLP (Tessler et al. 2011). Latif and his colleagues 
compared facial morphology in subjects with unrepaired complete bilateral clefts and 
unaffected controls using GM. PCA showed that facial variation in subjects with clefts 
occurred in the anteroposterior direction, whereas in controls it was mostly in the vertical 
direction. These differences in the direction of facial variability suggest that individuals 
with bilateral clefts can have an intrinsic growth impairment affecting facial morphology 
later in life (Latif et al. 2020).  
Finally, Chang et al. studied the cranial base morphology of Asians and its 
relationship with class III malocclusion due to mandibular prognathism. This group tested 
the hypothesis that developmental heterogeneity in cranial base morphology increases 
prevalence of class III malocclusion and mandibular prognathism in Asians. TPS analysis 
of lateral cephalograms of the cranial base and the upper midface configuration were 
compared between one European-American group and four Asian ethnic groups of young 
adults with clinically acceptable occlusion and facial profiles. TPS analysis showed that 
the greatest differences in the Asian populations were the horizontal compression and 
vertical expansion in the anterior portion of the cranial base and upper midface region. 
The most posterior cranial base region also showed horizontal compression between the 
basion and Bolton point with forward displacement of articulare. Facial flatness and 
anterior displacement of the temporomandibular joint resulted in a relative retrusion of the 
nasomaxillary complex and relative forward position of the mandible. These features that 
tend to cause prognathic mandible and/or retruded midface indicated a morphologic 
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predisposition of Asian populations for class III malocclusion (Chang et al. 2014).  
 
  
 19 
Central Hypothesis 
Inducing a functional shift in our mouse model by extracting molars in the maxillary right 
quadrant will result in changes in the shape of the mandible, in particular the condyle, 
differences in bone volume and density of the condylar head, and degeneration of the 
MCC, including disorganization and alterations in the chondrocyte populations in the MCC 
compared to control.  
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Specific Aims 
Aim 1: To determine the effect of a mandibular functional shift on the size, shape, 
and symmetry of the craniofacial skeleton in an extraction mouse model. I 
hypothesize that inducing a functional shift in our mouse model by extracting molars in 
the maxillary right quadrant will result in asymmetric growth of the craniofacial skeleton, 
including changes in the shape of the mandible compared to control. We will perform 
geometric morphometric analysis on the complete skull, including the maxilla, mandible, 
and cranium, of experimental and control mice. We will also analyze the bone volume 
and density of the condylar processes. The analysis proposed in Aim 1 will show whether 
a mandibular functional shift during growth does indeed affect the shape of the cranial 
skeleton, in particular the mandible, and bone volume and density in a mouse model. 
Aim 2: To analyze the histologic cellular and molecular changes in the 
temporomandibular joint (TMJ) and mandibular condylar cartilage (MCC) in a 
mandibular functional shift mouse model. I hypothesize that a mandibular functional 
shift in our extraction mouse model will result in degeneration of the MCC, including 
disorganization and alterations in the chondrocyte populations in the MCC, decreased 
chondrocyte proliferation and increased cell death in the MCC, and alterations in 
osteoblast and osteoclast activity in the MCC on the experimental side. In Aim 2, I will 
analyze (1) the gross changes in MCC thickness, (2) changes in cell morphology and 
organization, (3) differences in cell proliferation and death, and (4) osteoblast and 
osteoclast markers in the MCC in the experimental and control mice.  
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Materials and Methods 
 
Animals: 
FVB/NJ mice from Jax Lab were utilized for the experiments in this study. At 3 weeks of 
age, all 3 molars from the maxillary right quadrant were extracted under anesthesia with 
ketamine and xylazine in the experimental mice. Experimental and control littermates with 
no teeth extracted were euthanized and mouse heads were collected at 6 weeks old. The 
experimental group consisted of 11 mice (5 females and 6 males), and the control group 
was composed of 10 mice (4 females and 6 males). For the morphometric analysis of the 
skull, the scan for one of the experimental female skulls was distorted, and so only 10 
experimental mice (4 females and 6 males) were analyzed. All animal procedures were 
performed following approval from the Institutional Animal Care and Use Committee.  
 
Micro-computed tomography: 
Micro-computed tomography (μCT) was performed on the entire skull of the experimental 
and control mice. 6 week-old experimental and control mice were collected, and the 
heads were removed, fixed in 4% paraformaldehyde (PFA), and dehydrated in 70% 
ethanol. Samples were scanned with the SF VA Medical Center Bone Imaging Core 
Facility using a MicroCT50 (Scanco Medical), 55kVp, 109µA, 6W. Heads were scanned 
at 20µm voxel size, with a 500ms integration time and a 20.5mm field of view. The number 
of slices per sample was 600. The scanner was calibrated for bone using an AL 0.5m 
filter calibrated to 55kVp, 0.5mm AI, BH: 1200mg HA/ccm, scaling 4096. 3D image 
processing and analysis was carried out using Avizo Lite software (version 9.1.1, Thermo 
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Fisher Scientific). Bone volume and density were calculated according to grayscale 
intensity using the Material Statistics module of Avizo 9.1.1. 
 
Geometric morphometric analysis: 
μCT data was imported into Avizo Lite (version 9.1.1, Thermo Fisher Scientific), 
where the craniums and mandibles were manually separated. Using consistent 
thresholds, isosurfaces were generated for each anatomical region. Isosurfaces were 
brought into Landmark (Institute for Data Analysis and Visualization) where the cranium, 
mandible, and condyles were landmarked. Three landmark schemes were utilized: 
scheme one included 44 landmarks to capture the cranium morphology (Supplemental 
Figure 1) (Hill et al. 2009); scheme two consisted of 26 bilateral landmarks for the 
mandibles (Figure 1B) (Hassan et al. 2019); and set three included four arrays of 40 
sliding semi-landmarks designed to recapitulate the structure of the condylar processes 
(Figure 2A), and the arrays were placed on the medial and distal sides of each condyle 
(Figure 2A’). For the semi-landmarking, each array included 9 landmarks (Figure 2A’) 
which bounded the equidistantly placed semi-landmarks. The landmark coordinates were 
exported as text files and imported into MorphoJ (Version 2, Apache License, 
Klingenberg, C.P. 2011) (Klingenberg et al. 2011) for statistical evaluation of shape 
differences. Centroid size, defined as the square root of the sum of squared deviations of 
landmarks from their centroid, was examined between control and experimental groups 
for each anatomical region using a Student’s T-Test; no significant differences were 
found. To eliminate orientation, size, and position, a Procrustes superimposition was 
performed on the landmark data. To examine the major differences in shape between the 
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control and extraction groups, a principal component analysis (PCA) was conducted. PCA 
is a method that preserves information while simplifying higher dimensional data into 
mutually orthogonal dimensions called principal components. Wireframes of the 
maximum, average, and minimum shape variants were generated to visualize the full 
spectrum of shape variation recapitulated by a principal component. Canonical variate 
analysis (CVA) or a linear discriminant analysis (for this data) was also performed for 
each anatomical region between control and extraction groups. CVA is a method of 
multivariate analysis designed to maximally separate predefined groups based off of their 
intragroup variation. From this analysis, the Procrustes and Mahalanobis distances 
among groups were found and permutation (10,000 permutations) tests were conducted 
to generate p-values.  
 
Histological analysis: 
Heads were collected from experimental and control animals, fixed in 4% 
paraformaldehyde overnight at 4°C, demineralized in EDTA (0.5M) for 1 week, paraffin 
processed and embedded, and sectioned at 7μM on a Leica microtome in order to 
perform histological analysis of the TMJ and MCC. Hematoxylin and eosin (H&E) and 
safranin O staining was performed on sections following standard protocols. To assess 
cell death, TUNEL staining (In Situ Cell Death Detection Kit, TMR red, Roche 
12156792910) was performed following kit protocols, and TUNEL positive cells were 
imaged and quantified. RNAscope (ACD Diagnostics), an in situ hybridization assay for 
detection of target RNA within intact cells, was performed following standard 
manufacturers protocols with specific mouse probes against Col1a1 (#537048), Col2 
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(#407228), Col10 (#426181), and Mmp13 (#427601). Sections were imaged on a DMi8 
upright microscope.    
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Results 
 
Extraction of molars in the maxillary right quadrant resulted in changes in the 
shape of the mandible and condyle. 
 The experimental design of the project was to extract the three molars from the 
maxillary right quadrant of mice at postnatal day (P) 21 at the time of weaning, when the 
molars are just erupting (Figure 1A). We then allowed the mice to develop normally until 
P42 or six weeks when the mice reach sexual maturity and then euthanized both the 
experimental mice with teeth extracted and control littermates with no tooth extractions. 
Heads were μCT scanned, isosurfaces were generated and landmarked (landmarks for 
mandible shown in Figure 1B, condyle Figure 2A’, and cranium Supplemental Figure 1), 
and geometric morphometric analysis was performed on the skull (cranium, cranial base, 
and maxilla), mandible, and condylar head.  
Procrustes superimposition was completed, and no significant difference in 
centroid size of the skulls between the control and extraction groups was noted, and so 
there was no need to account for size difference in the data (Supplemental Table 1). To 
investigate the role of sex in our data, canonical variate analysis (CVA) was executed on 
all anatomical regions of interest and delineated by sex. For every region, the Procrustes 
distance was calculated between males and females, and no statistically significant 
differences were found (Supplemental Table 1). PCA was also performed comparing the 
control and experimental samples by sex, and it clearly illustrated that the data clustered 
by experimental group and not sex (Supplemental Figure 2).   
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We observed significant changes in the shape of the mandible after extraction of 
maxillary right molars (Supplemental Table 1). Overall, the control and extraction groups 
separated completely, and the majority of the variation between the groups was 
accounted for by principal component (PC) 1 (41.84%) and PC2 (13.44%; Figure 1C, 
Supplemental Table 2). CVA was also performed and showed clear separation between 
experimental and control samples (Supplemental Figure 3A).  
A major difference in the mandibular body shape was the height of the alveolar 
bone which was significantly increased in the right (extraction side) mandible compared 
to the left (non-extraction side) mandible of the extraction mice or control mice. Due to 
the extraction of the maxillary right molars on the right side, there was compensatory 
eruption of the opposing mandibular molars on the right, as expected, and so the molars 
hyper-erupted as seen in the wireframe and isosurface images (Figure 1D, D’). Linear 
measurements also showed a significant difference in the alveolar height of the right 
mandible and not of the left mandible in the experimental mice compared to control 
(Supplemental Figure 4). Otherwise, the shape of the right (extraction) and left (non-
extraction) mandibles were fairly similar, when comparing both sides together (Figure 1C-
D’).  
When we compare the right (extraction side) mandible to control only, we see 
separation of control and extraction samples along PC1 (46.67%) and PC2 (17.02%; 
Figure 1E, Supplemental Table 2). There were significant shape differences in the right 
extraction mandible compared to control (Supplemental Table 1, Supplemental Figure 
3B) as shown by the PC1 Max in the wireframe (Figure 1F) and isosurface (Figure 1F’) 
including, as mentioned the increase in alveolar bone height, increased height at the 
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lower border of the mandible, decreased length of the angular process, and increased 
posterior-inferior tip of the condylar process. The left, non-extraction side mandible also 
separated significantly from the control (Supplemental Table 1, Supplemental Figure 3C) 
along PC1 (47.01%) and PC2 (13.24%; Figure 1G, Supplemental Table 2), and there 
were similar differences in the shape of the lower border of the mandible, angular process, 
and condylar process compared to control (Figure 1H, H’). Thus, interestingly, although 
the extraction was only done on the right hemi-mandible, we observed changes in the 
mandibular shape in both the right and left hemi-mandibles compared to control.   
The isosurfaces of the right and left mandibles in the extraction mice showed 
significant changes in the condylar head that were not entirely captured by the mandibular 
landmarks (Figure 1F’, H’). In order to more precisely measure the changes in shape of 
the condylar head and neck, we added additional landmarks and semi-landmarks on the 
condylar process (Figure 2A, A’) and performed geometric morphometric analysis. On the 
right (extraction side), the extraction condyle separated completely from the control 
(Supplemental Table 1, Supplemental Figure 3D) along PC1 (50.05%) and PC2 (10.09%; 
Figure 2B, Supplemental Table 2). The wireframe diagram shows that the condylar head 
and neck were narrower in the extraction condyle compared to control (Figure 2C). In 
addition, the condylar head surface was more convex in the extraction model compared 
to control (Figure 2C). These differences are exemplified in the representative isosurfaces 
of the right extraction and control condyles (Figure 2C’). Similarly, the left (non-extraction) 
condyle significantly separated from control (Supplemental Table 1, Supplemental Figure 
3E) along PC1 (50.05%) and PC2 (11.19%; Figure 2E, Supplemental Table 2), although 
there was more variability among the control and extraction groups since the data did not 
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cluster as tightly compared to the right side. We observed similar changes in the shape 
of the condyle on the left side as the right, with decreased condylar head and neck lengths 
and increased convexity at the condylar surface in the left (non-extraction) side in the 
experimental animals compared to control (Figure 2F, F’). In addition, linear 
measurements were taken to measure the condylar head and neck widths, and both the 
right and left condylar processes had significantly narrower condylar heads and necks 
compared to control (Figure 2D, G).   
We also analyzed the skull (cranium, cranial base, and maxilla) to determine 
whether extraction of molars in the maxillary right quadrant resulted in asymmetric growth 
of the skull. We found there was a significant difference in the shape of the cranium 
between control and extraction mice (Supplemental Table 1). This shape difference 
appears to be primarily in the alveolar process length (distance between most mesial 
point of the first molar (points 30 and 31 in Supplemental Figure 1A’) and most distal point 
of the third molar (points 32 and 33 in Supplemental Figure 1A’)), however, these points 
were difficult to reliably landmark in the right quadrant of the experimental mice in which 
the molars were extracted. Thus, the biological significance of this finding is not clear, 
and there do not appear to be any other clear shape changes in the cranium of the 
experimental mice compared to control. Although we extracted at 3 weeks and allowed 
the mice to grow during a major growth period, it is possible that this period of time was 
not long enough to see changes in the skull morphology. It will be interesting to follow up 
on these results by examining the skulls of mice 6 months after extraction at which time 
there may be compensatory, asymmetric growth in the skull in response to changes in 
the mandibular growth. 
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Thus, both the right (extraction side) and left (non-extraction side) mandibles in the 
experimental mice differed significantly in shape compared to control. Furthermore, there 
were significant changes in the shape of both the right and left condylar processes in the 
extraction model compared to control, including narrowing of the condylar head and neck 
and increase in convexity of the condylar surface. These results show that the extraction 
of molars in the maxillary quadrant results in significant changes in the shape of the 
mandible and particularly in the condylar process.  
 
The condylar process bone volume was decreased and density increased in the 
extraction model compared to control. 
 We next wanted to determine whether extraction of the maxillary molars resulted 
in changes in the bone volume and density of the condylar process. We hypothesized 
that the extraction may result in osteoarthritic type changes in which total bone volume 
would decrease, and bone of increased density would be deposited in the condylar 
process. Indeed, the total bone volume of the condylar process on the right (extraction 
side) was decreased by 14.86% and left (non-extraction side) by 16.17% in the extraction 
mice compared to control (Figure 3A, A’, C, C’). This loss of bone volume further suggests 
degenerative changes in the condyles with extraction. 
 Although the total bone volume of the condylar processes in the extraction model 
was decreased, the bone density was increased compared to control. Renderings of the 
condylar processes with the color representing the relative bone mineral density show 
that overall, the right and left condylar processes in the extraction model had denser bone 
than control (Figure 3A, A’). In particular, near the condylar head surface, the bone was 
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denser (more green than blue) in the extraction model condyles, both right and left, 
compared to control (Figure 3A, A’). Quantification of the relative bone mineral density of 
the condylar processes confirmed that the bone mineral density of the right and left 
condylar processes in the extraction mice was significantly increased by 4.96% and 
5.60%, respectively, compared to control (Figure 3B, B’). Of note, we also quantified the 
bone density in the entire skull and mandible, and there was no significant difference 
between extraction and control mice, and so the alterations in bone density appear to be 
specific to the condylar process. These data suggest there was loss of total bone volume 
in the condylar processes and deposition of bone of increased density near the condylar 
head surface in both the right and left condyles of the experimental mice compared to 
control.    
 
There was an increase in maturation stage and hypertrophic chondrocytes and 
osteoblasts in the MCC in the extraction mice compared to control. 
 In order to further understand the degenerative changes in the condyle in the 
experimental compared to control mice at the tissue and cellular level, we completed 
histological analyses of the TMJ in the extraction and control model. H&E staining of 
coronal sections of the TMJ showed that compared to control, the MCC was thinner on 
both the extraction and, to a lesser extent, on the non-extraction side in the experimental 
mice (Figure 4A-C’). In both condyles of the mice with extractions, the width of the MCC 
was decreased and the cells appeared to be more tightly packed together from the 
superficial to deeper surface compared to control (Figure 4A’-C’). Similarly, Safranin O 
staining showed that the MCC (stained red) in the extraction condyle in the experimental 
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mice was indeed thinner than the control (Figure 5A,B). Furthermore, the staining on the 
experimental condyle is lighter and more diffuse compared to control suggesting a loss 
of proteoglycans form the remaining cartilage which are key markers of cartilage. These 
data show that extraction of the maxillary molars resulted in a thinning of the MCC 
compared to control.  
We also wanted to determine whether cell proliferation or apoptosis was altered in 
the MCC in the extraction model compared to control. With the samples collected for this 
project, immunofluorescence staining with antibodies against Ki67 or PH3, both markers 
of proliferation, revealed very few proliferative cells in the condyle at the 6 week timepoint 
in both the extraction and control samples. It was not clear whether the tissue preparation 
(long term EDTA treatment to demineralize the samples) disrupted the antigens. We were 
not able to collect convincing data on the proliferation levels in the condyle, and in the 
future, we plan to inject additional mice with BrdU, a thymidine analog that is incorporated 
into the newly synthesized DNA in proliferating cells, as a more robust marker of 
proliferation to determine the proliferation levels in the condyle and whether there were 
differences in the extraction model compared to control.  
We collected preliminary data on the level of apoptosis in the condylar heads of 
extraction and control mice using TUNEL staining. We found that while there was no 
significant difference in the number of TUNEL+ cells in the condylar head in the extraction 
side compared to control, there was a significant 52% decrease in TUNEL+ cells on the 
non-extraction side compared to the extraction side and control (Figure 6A-D, N=3 control 
and 3 extraction mice). Thus, the level of cell death was similar on the extraction side and 
control, however, there was a significant decrease on the non-extraction side. Further 
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experiments with additional samples will be necessary to confirm these preliminary data. 
A possible hypothesis is the altered position of the non-extraction side condyle may result 
in decreased force on the condyle and decreased cell death; however, additional 
experiments will be necessary to test this hypothesis.  
 Considering the alterations in the MCC in the extraction model, we wanted to 
further determine whether the cellular composition of the MCC was altered due to 
extraction. We decided to explore the levels of chondrocyte markers Col2 and Col10, 
osteoblast and fibroblast marker Col1, and osteoclast activity marker Mmp13 at the RNA 
level using RNA Scope, a method of in situ hybridization. We observed an expansion in 
the MCC of expression of Col2 and Col10 in both condyles of the experimental mice, 
which suggests an increase in maturation stage and hypertrophic chondrocytes, 
respectively, in the MCC of the condyles of the extraction mice compared to control 
(Figure 7A-F). Interestingly, there was a broad expansion of Col1 expression in the 
extraction condyles compared to control (Figure 7G-I). Col1 was expressed in the 
developing bone in the condyle, inferior to the MCC, in the control, however, in the 
extraction and non-extraction condyle of the extraction mice, Col1 was expressed more 
broadly in the bone and in the MCC (Figure 7G-I). These data suggest there may be Col1 
which is a marker for osteoblasts and fibroblasts in the MCC and head of the condyle in 
the extraction mice. Finally, the expression of Mmp13 was increased in the condylar head 
region, inferior to the MCC, in the condyles of the extraction mice compared to control 
(Figure 7J-L), suggesting increased osteoclasts and bone turnover in the condylar heads 
of the experimental mice compared to control. We also explored markers of less 
differentiated and proliferative chondrocytes, such as Sox9 and Runx2, however, we did 
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not see differences in expression in the condyles in the extraction and control mice (data 
not shown). Overall, these data suggest that, in the extraction model, the chondrocytes 
of the MCC were further differentiated, with an increase in maturation stage and 
hypertrophic chondrocytes compared to control. Furthermore, there was an increase in 
osteoblast and osteoclast marker expression in the extraction model suggesting an 
increase in bone deposition and remodeling in the condylar head. However, these cell 
marker data do not definitely prove cell type or activity, and further work is necessary to 
determine differences in chondrocyte, osteoblast, and osteoclast numbers and activities 
in the extraction model. 
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Discussion 
Here, we developed a model of a mandibular functional shift by extracting molars 
from the maxillary right quadrant in rapidly growing 3 week-old mice in order to better 
understand the effect of this malocclusion on the mandible and TMJ at the tissue and 
cellular level. We found that extraction of the maxillary right posterior teeth resulted in 
changes in the shape of the mandible, most strikingly in the condylar process, which was 
narrower at the head and neck and more convex at the condylar surface. Furthermore, in 
both condylar processes of the experimental group, the total bone volume was decreased 
in the extraction model by 15%, and there was a 5% increase in bone density compared 
to the control group. The MCC was thinner in the extraction model, and there was a shift 
to markers of more differentiated maturation stage and hypertrophic chondrocytes and an 
increase in osteoblast and osteoclast markers in the MCC in the extraction model, 
suggesting possible bone deposition and remodeling at the condylar head due to the 
extraction.  
We believe this extraction mouse model is useful in that it models a functional shift 
which can be utilized to study the pathology resulting from this malocclusion, which is 
common in the orthodontic clinic. In addition, it is a mouse model in which a malocclusion 
results in derangement and osteoarthritic-like changes in the TMJ, including thinning of 
the MCC. There are many models of TMJ osteoarthritis including inflammatory models, 
caused by injection of chemical irritants such as carrageenan, ovalbumin (Denadai et al. 
2009; Habu et al. 2002); monosodium isoacetate (Kapila et al. 1995), and complete 
Freund’s adjuvant (CFA) injection (Mazzier et al. 1967), and other malocclusion models 
like forced mouth opening (Kaul et al. 2016) and unilateral anterior crossbite (Zhang et 
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al. 2013). We believe this model has the advantage in the simplicity of extraction of teeth, 
rather than bonded appliances (Fuentes et al. 2003; Takenobu et al. 2008; Nakano et al. 
2004, Poileka et al. 1997; Poileka et al. 2000), and it more directly links malocclusion with 
changes in the joint. Furthermore, this model will be useful in the study of tooth 
hypereruption and extrusion, since we do see hypereruption of the mandibular right 
molars. With this model, we can look more closely at the cellular behavior in the PDL and 
surrounding tissue at the root of the erupting tooth and also further understand alveolar 
bone remodeling around the erupting teeth. 
There are, however, limitations to this model. It is a rather complex system in that 
extraction results in many compensations in muscle attachment and bone remodeling. 
Further study at multiple timepoints will be necessary to understand the compensatory 
changes happening due to the postural change of the mandible in this model. For 
example, is the mandible postured forward, and if so, is the increased stretch of the 
masseter inducing bone deposition on the lower border of the mandible? Furthermore, 
we do not entirely understand the forces that are placed on the mandible and TMJ in this 
model on either the extraction or non-extraction sides. We hypothesize that the mandible 
is shifting forward and to the right, however, additional studies such as ultrasound imaging 
while the mouse is functioning during chewing and direct measurements on the force in 
the joint would clarify the function of the altered system. 
A striking finding in the study were the cellular changes at the MCC with molar 
extraction. There was an increase in maturation stage and hypertrophic chondrocytes in 
the MCC, suggesting a shift towards differentiated chondrocytes. In addition, there was 
an expansion in expression of Col1 in the MCC, suggesting an increase in osteoblasts or 
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fibroblasts. These data suggest that cells differentiate and deposit bone in the condyle in 
the extraction condyle at an increased level compared to control. Furthermore, there 
appeared to be ectopic osteoblast expression and bone deposition in MCC at the condylar 
surface, supported by both expression of Col1 and increase in bone density in that region. 
Whether the osteoblasts are moving into the MCC or chondrocytes in the MCC are 
transforming into osteoblasts, as has been shown in the condyle (Jin et al. 2015), is not 
clear. It would be interesting to trace chondrocytes and ostetoblasts with Col2CreER or 
Col1CreER drivers to answer this question and better understand cellular differentiation and 
activity in the MCC during this process.  
The deposition and remodeling of bone in a normally cartilaginous region is 
suggestive of osteoarthritis, and so this model may be useful in further understanding 
cellular and signaling changes with the development of osteoarthritis in the TMJ. 
Furthermore, this phenotype appears to mimic “cortication”, or deposition of bone, that 
we see in clinical CBCTs in juvenile idiopathic arthritis (JIA) patients once the 
degeneration of the condyle stabilizes (Billiau et al. 2007). This process is not well 
understood, and if we could better understand the mechanism, in this mouse model for 
example, the findings could be translated to the clinic to promote cortication or “burn out” 
of disease or even regenerate a more physiological MCC in these patients.     
Furthermore, this study is directly clinically relevant in that the extraction mouse 
model tested the relationship between occlusion and adaptive responses in the TMJ. The 
results of our study support the widely held notion that the local biomechanical-functional 
environment can alter the overall shape of the mandible and growth of the MCC. Our 
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study also showed a relationship between malocclusion and the resulting adaptative 
response of the TMJ.  
The malocclusion which was modeled with this extraction mouse model was a 
mandibular shift, which can potentially cause a skeletal crossbite in patients. Skeletal 
crossbites, usually associated with older adolescents and adults, are characterized by 
mandibular lateral displacements, asymmetric mandibles, symmetric joint spaces, and no 
lateral shifts from centric relation to maximum intercuspation (Bishara et al. 1994). A 
functional crossbite, on the other hand, is characterized by an asymmetric shift of the 
mandible. Children in the deciduous and mixed dentition with functional unilateral 
crossbites also have condyles on the crossbite site positioned relatively more superiorly 
and posteriorly in the glenoid fossa than the condyles on the non-crossbite side. They 
also have asymmetric postural muscle activity with greater resting activity on the non-
crossbite site (Hesse et al. 1997). In the present study, the extraction of the molars in the 
upper quadrant caused a lateral shift of the mandible which resulted in compensatory 
changes in the morphology of the condyles and the entire mandible as well as changes 
in bone volume and density at the condylar surface and cell composition of the MCC. 
Thus, our results are consistent with clinical observations in a functional shift and this 
mouse model may be utilized to further understand mechanisms of the compensatory 
response.  
The question of whether malocclusion causes TMJ dysfunction is long debated 
and controversial one in orthodontics. The presence of mandibular shifting in posterior 
crossbites has been related to muscular compensations and asymmetric postural activity 
with potential implications to TMJ dysfunction. As to the implications of posterior 
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crossbites to long term TMJ dysfunction, cross sectional studies indicate that there may 
be some association between the presence of posterior crossbite and symptoms of TMJ 
dysfunction. However, no direct cause and effect relationship between the two has been 
established (Thilander et al. 2002; Egermark et al. 2003; Mohlin et al. 2007). Several 
studies suggest that the high adaptability of the TMJ structures in growing patients 
appears to lessen the impact of functional posterior crossbites on long-term TMJ function 
(De Vis et al 1984; Alarcon et al. 2000; Throckmorton et al. 2001; Tecco et al. 2010). In 
a systematic review of the literature from 1970 to 2009, Thilander and his colleagues 
found no association between signs and symptoms of TMD with posterior crossbite 
patterns since they found an association between TMD and posterior crossbite was 
reported as often as an absence of such a relationship (Thilander et al. 2012). Thus, 
overall, there is still not a clear consensus in the literature on whether there is a correlation 
between functional posterior crossbite and TMJ dysfunction, and so more studies are 
necessary. Our study in a mouse model suggests a correlation between changes in 
occlusion and morphology of the TMJ; however, further study is necessary in this model 
to understand the mechanism of this relationship. 
There is potential to utilize this model to further understand the mechanisms of 
mandibular and condylar development and remodeling and MCC growth and 
maintenance. This work would have tremendous potential to translate to the clinic. By 
understanding the mechanism of MCC growth and signaling involved, for example, we 
may identify therapeutic targets to modulate growth. Clinically, this information may 
translate into increasing growth at the condyle in a class II patient with micrognathia. 
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There are many clinical concerns to address, and first, a fundamental understanding of 
the mechanisms of TMJ development and maintenance is necessary. 
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Conclusion 
 The goal of the Master’s thesis work presented here was to understand the effect 
of a mandibular shift malocclusion on the TMJ. We generated a model of a mandibular 
functional shift by extracting molars from the maxillary right quadrant in 3 week old 
developing mice in order to better understand the effect of this malocclusion on the 
mandible and TMJ at the tissue and cellular level. We found that extraction resulted in 
changes in the shape of the mandible, most strikingly in the condylar process, which was 
narrower at the head and neck and more convex at the condylar surface. Furthermore, 
the total bone volume of the condylar process was decreased in the extraction model by 
15%, and there was a 5% increase in bone density in the condylar process compared to 
control. The MCC was thinner in the extraction model, and there was a shift to markers 
of more differentiated maturation stage and hypertrophic chondrocytes and an increase 
in osteoblast and osteoclast markers in the MCC in the extraction model, suggesting 
possible bone deposition and remodeling occurred at the condylar head due to the 
extraction. In this model, malocclusion resulted in derangement changes of the TMJ and 
an osteoarthritic phenotype in this joint. Further studies are necessary to fully understand 
the biomechanical environment resulting in the cellular and signaling changes in the 
MCC, and ultimately further our understanding of the link between occlusion and TMJ 
disorders.    
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Figure 1. Extraction of maxillary right molars results in significant changes in 
mandibular shape. (A) Schematic of experimental design. All 3 molars were extracted 
from the maxillary right quadrant at postnatal day P21, and mice were euthanized for 
geometric morphometric and histological analysis at P42. (B) Isosurface of a 
hemimandible with landmarks utilized in the study. (C) Principal Component analysis 
(PCA) comparing both mandibles shows that the control (in blue) and extraction (in red) 
samples separate along PC1 and PC2. (D) Wireframes showing average (in gray), PC1 
Min (in blue) PC1 Max (in red) of right (solid line) and left (dashed line) hemimandibles. 
(D’) Representative isosurface of control and extraction mandibles. PCA (E’), 
wireframes (F), and isosurfaces (F’) of right mandibles show increased alveolar bone 
height, increased height at the lower border of the mandible, decreased length of the 
angular process, and increased posterior-inferior tip of the condylar process in 
extraction samples compared to control. (G-H’) Similar shape differences in the lower 
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border of the mandible, angular process, and condylar process were observed in the left 
mandibles of the experimental mice compared to control. 
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Figure 2. Extraction of maxillary right molars alters the shape of the condylar processes 
significantly. (A) Isosurface of a hemimandible showing region of condylar process 
measured (demarcated by dashed line). (A’) Isosurface of condyle showing landmarks 
(large green dots) and semi-landmarks (small green dots) utilized. (B) Principal 
Component Analysis (PCA) comparing right condyles shows that the control (in blue) 
and extraction (in red) separate along PC1 and PC2. (C) Wireframes showing average 
(in gray). PC1 Min (in blue), and PC1 Max (in red) of right condyles show the extraction 
condylar head and neck were narrower and condylar surface more convex compared to 
control. (C’) Representative isosurfaces of control and extraction condyles. (D) Linear 
measurements of right condylar width and neck lengths were decreased in extraction 
compared to control. PCA (E), wireframes (F), isosurfaces (F’) and linear 
measurements (G) show left condyles were also narrower and more convex at the 
surfaces in extraction vs. control. *p<0.05 
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Figure 3. The condylar processes in the extraction model have decreased bone volume 
and increased bone mineral density compared to control. (A,A’) Renderings of the 
condylar processes with the color representing the relative bone mineral density (scale: 
red, more dense and blue, less dense) show that the right and left condylar processes 
in the extraction model had decreased bone volume and increased bone density, 
particularly near the condylar head surface, than control. (B-C’) Quantification shows a 
significant increase in bone mineral density of the left (B) and right (B’) condylar 
processes in the extraction samples compared to control and significant decrease in 
bone volume in both the left (C) and right (C’) experimental condyles compared to 
control. *p<0.05 
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Figure 4. The mandibular condylar cartilage is thinner, and the chondrocytes appear 
compacted in the extraction condyle compared to control. (A-C’) H&E staining shows 
the mandibular condylar cartilage of the non-extraction side (B,B’) and extraction side 
(C,C’) condyles in the experimental animals was thinner (demarcated by black lines) 
compared to control (A, A’). The chondrocytes appeared more tightly packed in the non-
extraction and extraction (B,B’,C,C’) condyles compared to control (A,A’).  
Scale bar= 500µm  
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Figure 5. The mandibular condylar cartilage is thinner in the extraction condyle 
compared to control. (A-B) SafrarinO staining shows that the mandibular condylar 
cartilage was thinner in the extraction side condyle in the experimental mice (A) 
compared to control (B). Scale bar= 500µm 
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Figure 6. There is decreased apoptosis in the non-extraction side condyle compare to 
the extraction side and control. (A-C) TUNEL staining showed similar levels of apoptosis 
in the extraction side condyles in the experimental mice (B) and control (A), however, 
there was a significant decrease in apoptosis in the non-extraction condyle (C) in the 
experimental mice. (D) Quantification shows a decrease in the number of TUNEL + cells 
in non-extraction compared to extraction and control condyles *p<0.05.                     
Scale bar= 500µm 
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Figure 6. There is decre sed apoptosis in the non-extraction side condyle 
ompared to the extraction side and control. (A-C) TUNEL staining showed similar 
levels of apoptosis in the extraction side condyles in the experimental mice (B) and 
control (A), however, there was a significant decrease in apoptosis in the 
non-extraction condyle (C) in the experimental mice. (D) Quantification shows a 
decrease in the number of TUNEL+ cells in non-extraction compared to extraction and 
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Figure 7. There is an increase in expression markers of maturation stage and 
hypertrophic chondrocytes, osteoblasts and osteoclasts in the mandibular condylar 
cartilage of extraction mice compared to control. (A-C) RNA scope with probe against 
Col2 (red, counterstain with DAPI, blue) shows increased expression in both the non-
extraction (B) and extraction (C) side mandibular condylar cartilage (MCC) compared to 
control (A). (D-F) Similarly, there was increased expression of Col10 in the MCC of non-
extraction (E) and extraction (F) condyles compared to control (D). (G-I) There was a 
striking increased in Col1 expression in the MCC  and condylar head in the extraction 
mice compared to control. (J-L) There was also an increase in Mmp13 expression in the 
 61 
condylar head of the non-extraction (K) and extraction (L) mice compared to control (J). 
Scale bar= 500µm 
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Supplemental Figure 1.  Cranium landmarks. (A) Dorsal and (A’) ventral views of the 
isosurface of the cranium with landmarks utilized for the study marked by numbered 
green dots  
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Supplemental Figure 2.  No clear sex differences are observed in control or extraction 
samples. (A) Principal Component Analysis (PCA) showed the male and female 
samples did not cluster in the control or extraction groups, suggesting the shape 
differences observed due to extraction were significantly different between males and 
females.  
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Supplemental Figure 3. Canonical variate analysis on mandibles and condyles in 
extraction mice compared to control. (A-C) Canonical Variate Analysis shows clear 
separation between both mandibles (A), the right mandible (B), the left mandible (C), 
the right condyle (D), and the left condyle (E) in control (blue) and extraction (red) 
samples.  
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Supplemental Figure 4. The alveolar height of the right mandible in the extraction mice 
is significantly increased compared to control. (A) Linear measurements of the alveolar 
height in the right mandible showing significant increase in the extraction height in the 
left mandible between control and extraction mice.  
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Supplemental Table 1. Probability values from statistical hypothesis tests using 
calculated centroid size and Procrustes distance. Bold indicated p<0.05. 
 
  p-value 
  Centroid size Procrustes Distance 
  Control/Experiment Control/Experiment Male/Female 
Both Mandibles 0.32748866 <.0001 0.4762 
Right Mandible 0.268456023 <.0001 0.4609 
Left Mandible 0.205705201 0.0006 0.3319 
Right Condyle 0.865153994 0.0001 0.3548 
Left Condyle 0.98617899 0.0001 0.382 
Cranium 0.142468966 0.0023 0.2883 
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Supplemental Table 2. Contribution of each Principal Component to the shape 
difference of the mandibles, condyles, and cranium. 
 
  Variance (%) 
Principal 
Component 
Both 
Mandibles 
Right 
Mandible 
Left 
Mandible 
Right 
Condyle 
Left 
Condyle Cranium 
1 41.837 46.671 47.071 41.43 50.047 34.046 
2 13.444 17.018 13.241 10.091 11.188 12.136 
3 9.679 10.498 9.731 8.666 8.146 9.321 
4 7.121 6.273 6.072 6.92 5.445 6.989 
5 5.498 3.544 5.439 6.081 4.939 6.562 
6 4.772 3.414 3.866 4.904 4.028 4.92 
7 3.001 2.555 3.27 3.919 2.765 4.158 
8 2.709 2.154 2.436 3.325 2.238 3.573 
9 1.945 1.592 1.784 2.829 1.759 2.946 
10 1.694 1.516 1.609 2.416 1.477 2.612 
11 1.639 1.021 1.21 1.756 1.438 2.487 
12 1.434 0.833 1.109 1.442 1.235 1.969 
13 1.156 0.707 1.089 1.254 1.172 1.661 
14 1.028 0.647 0.796 1.071 1.078 1.437 
15 0.75 0.449 0.483 1.041 0.789 1.358 
16 0.698 0.356 0.264 0.847 0.654 1.137 
17 0.554 0.328 0.218 0.705 0.494 1.02 
18 0.401 0.18 0.178 0.595 0.454 0.987 
19 0.385 0.165 0.076 0.37 0.363 0.681 
20 0.254 0.078 0.057 0.339 0.292  
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